The identification of important amino acid substitutions associated with low survival in hematopoietic cell transplantation (HCT) is hampered by the large number of observed substitutions compared with the small number of patients available for analysis. Random forest analysis is designed to address these limitations. We studied 2107 HCT recipients with good or intermediate risk hematological malignancies to identify HLA class I amino acid substitutions associated with reduced survival at day 100 post transplant. Random forest analysis and traditional univariate and multivariate analyses were used. Random forest analysis identified amino acid substitutions in 33 positions that were associated with reduced 100 day survival, including HLA-A 9, 43, 62, 63, 76, 77, 95, 97, 114, 116, 152, 156, 166 and 167; 109, 116 and 156; 9, 11, 14, 21, 66, 77, 80, 95, 97, 99, 116, 156, 163 and 173. In all 13 had been previously reported by other investigators using classical biostatistical approaches. Using the same data set, traditional multivariate logistic regression identified only five amino acid substitutions associated with lower day 100 survival. Random forest analysis is a novel statistical methodology for analysis of HLA mismatching and outcome studies, capable of identifying important amino acid substitutions missed by other methods.
The identification of important amino acid substitutions associated with low survival in hematopoietic cell transplantation (HCT) is hampered by the large number of observed substitutions compared with the small number of patients available for analysis. Random forest analysis is designed to address these limitations. We studied 2107 HCT recipients with good or intermediate risk hematological malignancies to identify HLA class I amino acid substitutions associated with reduced survival at day 100 post transplant. Random forest analysis and traditional univariate and multivariate analyses were used. Random forest analysis identified amino acid substitutions in 33 positions that were associated with reduced 100 day survival, including HLA-A 9, 43, 62, 63, 76, 77, 95, 97, 114, 116, 152, 156, 166 and 167; HLA-B 97, 109, 116 and 156; and HLA-C 6, 9, 11, 14, 21, 66, 77, 80, 95, 97, 99, 116, 156, 163 and 173. In all 13 had been previously reported by other investigators using classical biostatistical approaches. Using the same data set, traditional multivariate logistic regression identified only five amino acid substitutions associated with lower day 100 survival. Random forest analysis is a novel statistical methodology for analysis of HLA mismatching and outcome studies, capable of identifying important amino acid substitutions missed by other methods.
Introduction
Unrelated donor hematopoietic cell transplantation (HCT) is an established treatment option for patients with hematological malignancies who lack a HLA identical sibling. Approximately 70% of unrelated donor transplants in 2009 facilitated by the US National Marrow Donor Program (NMDP) used donors who were HLA matched with the recipient; the other 30% had at least one HLA mismatch. HLA mismatches are a major barrier to successful long-term outcome in HCT; even a single Ag or allele mismatch has a significant effect on graft survival and particularly on incidence and severity of GvHD. [1] [2] [3] [4] [5] Although the molecular basis of allorecognition in GvHD and cellular graft rejection is not completely understood, 6, 7 isolated reports have shown that a single amino acid substitution between mismatched HLA alleles at a critical location can have an important role in acute GvHD 8 and graft rejection. 9 However, long-term survival after HCT is likely influenced not by a single mismatch but by multiple interacting mismatches as well as by patient and donor clinical characteristics and biological factors.
Mismatched Ags and alleles differ in the number, type and location of mismatched amino acids on the structure of the HLA molecule. Some substitutions may alter the peptide binding capability of the HLA molecule, whereas others may be irrelevant. It is likely that substitutions on the HLA molecules with altered peptide binding capacity that affect T-cell allorecognition underlie the varying clinical severity of GvHD and transplant outcomes associated with HLA-mismatched transplantation. Studies focused on the identification of amino acid substitutions associated with adverse outcomes are scarce 10, 11 and in conflict with functional studies. 12, 13 Furthermore, these studies used traditional statistical techniques which have a limited ability to simultaneously analyze the effect of a large number of unordered categorical risk factors, sidechain variability at each amino acid position, and their potential interactions.
The purpose of this study was to identify HLA amino acid substitutions that are associated with lower survival at day 100 post transplant (D100S) using a novel statistical methodology referred to as random forest analysis. 14, 15 Random forest analysis is a computationally intensive method that uses a recursive partitioning algorithm to build individual prediction trees from randomly sampled subsets of data. It automatically accounts for interactions among a large number of potential predictors of HCT outcome. 16 Although random forest analysis has not been used to analyze HLA data in unrelated transplantation before, this type of analysis has been shown to be extremely powerful and robust in the analysis of data sets with a 'large p and small n', data sets where the number of predictor variables (p) is large, but the number of cases (n) is relatively small. In comparative analysis of discrimination methods for gene array expression data, it has consistently been shown to be superior or at least equivalent to other methods. [17] [18] [19] Patients and methods
Patients
The study was based on a data set of 3855 patient-donor pairs facilitated by the NMDP between 1988 and 2003. All surviving recipients included in this data set were retrospectively contacted and provided informed consent for participation in the NMDP research program. Approximately 4% of surviving patients would not provide consent for research. To adjust for the potential bias introduced by exclusion of non-consenting surviving patients, a sampling process randomly excluded appropriately the same percentage of deceased patients using a biased coin randomization with exclusion probabilities based on characteristics associated with not providing consent for use of the data in survivors. 2 The final study population consisted of 2107 patients with good or intermediate risk hematological malignancies who underwent allogeneic HCT from HLAmatched or single HLA class I allele or Ag-mismatched unrelated donors. Good risk was defined as AML and ALL in first CR, CML in first chronic phase, and myelodysplastic syndrome subtype refractory anemia. Intermediate risk was defined as AML and ALL in second or subsequent CR or in first relapse, and CML in accelerated phase or second chronic phase. Patients with high-risk disease were excluded from the analysis in order to better examine the relationship between amino acid substitutions and survival.
High-resolution HLA typing was performed for HLA-A, B, C, DRB1, DQA1, DQB1, DPA1 and DPB1 on all donor-recipient pairs as previously described. 2 However, in this study only HLA-A, B, C and DRB1 were considered in the definition of HLA matching based on the results of the Lee et al. 2 To avoid confounding effects of HLA mismatches in the graft-vs-host and host-vs-graft directions, donors and recipients that were homozygous at an HLA class I locus (n ¼ 91) were excluded from analysis. Donor-recipient pairs with more than one mismatch in HLA-A, B, C and DRB1 or those mismatched at HLA-DRB1 were also excluded. There were 1507 donor-recipient pairs who were matched at HLA-A, B, C and DRB1 (referred to as the matched group) and 600 donor-recipient pairs with only one allele or Ag mismatch at HLA-A, B or C (referred to as the mismatched group). The frequency distribution of the 600 mismatched donor-recipient pairs at HLA-A, B and C is 179 (29.8%), 88 (14.7%) and 333 (55.5%), respectively. Amino acid substitution assignment Amino acid substitutions were assigned by comparing the amino acid sequences of the mismatched alleles carried by the donor and the recipient using the International Immunogenetics Project/HLA database (http://www.ebi. ac.uk/imgt/hla) accessed on July 2007. Polymorphic amino acid positions were identified by position number and type. The observed mismatches between patient and donor were recorded by position number and the two different amino acids. The majority (B80%) of the HLA alleles in the International Immunogenetics Project HLA database are defined on the basis of partial sequence, in which a portion of the exonic nucleotides is not described. For this study, we restricted the analysis to exons 2-3 for class I alleles and exon 2 for class II alleles, wherein the majority of the alleles are fully characterized. To address the few instances, in which the reference sequence definition is incomplete within these exons, we used a simple imputation method to fill-in the sequence with that of the most similar fully characterized allele. The similarity measure used was hamming distance or the minimum number of nucleotide differences.
Data sources

Statistical analyses
Random forest analysis. Random forest analysis was used to identify amino acid substitutions associated with the primary end point of survival to day 100, accounting for clinical and transplant characteristics and other simultaneous amino acid substitutions present. Because random forest analysis has not been used before in HCT studies, we provide a brief description of the method and its functional properties.
Random forest is a tree-based method for classification developed by Breiman 14 that uses an ensemble of classification or decision trees. Using a recursive-partitioning algorithm, each classification tree is built based on a bootstrap sample of the training data. Some records will be included more than once in the sample, and others will not appear at all. Generally, about two-third of the records will be included in each bootstrap sample of the training data set, and one-third will be left out. The left out records are used to provide an ongoing dynamic assessment of model performance, similar to repeated cross-validation. In addition, a random subset of the available predictor variables is used to determine the best partition of the data at each node of each individual tree building process. This doubly random process produces a collection of substantially different trees. Together, the resulting decision trees form the forest that represents the final ensemble tree model, in which each decision tree votes for the result and the majority wins.
In contrast to traditional multivariate modeling, the random forest analysis can account for inter-relationships among all potential predictors including highly multilevel unordered categorical covariates in building a tree-based predictive model. Unlike traditional univariate and multivariate logistic regression analysis, random forest analysis has the capability to analyze large training data sets with hundreds or even thousands of input variables. The twopart randomness (random subset of patients, random subset of variables) used by the random forest method has been shown to deliver considerable robustness to noise, outliers, and over-fitting, when compared with a single tree classifier. Random forest analysis was carried out using the random forest software, version 1.0 (Salford Systems, San Diego, CA, USA).
Four patient-donor clinical characteristics (age, disease type, disease status, donor-recipient gender match) identified as associated with day 100 survival in preliminary analyses and 127 amino acid substitution position variables at HLA-A, B or C constituted the set of eligible predictors in the random forest analysis. We built a random forest model based on a collection of 500 classification trees with each individual tree built from a bootstrap sample of the original 2107 donor-patient pairs. At each tree node (except the terminal nodes) of growing a tree, a set of 15 predictors randomly selected from the total 131 predictors was used to determine the best split of the node. Results for each potential variable are expressed as a 0-100 ranking of variable importance, with higher scores indicating greater predictive ability. In contrast to traditional univariate and multivariate modeling, confidence intervals and P-values are not available.
Traditional univariate and multivariate analysis. Traditional univariate and multivariate analyses were carried out to compare the results obtained by the random forest analysis with those obtained from more common statistical approaches using the same data set. For the univariate approach, each mismatched type by position subgroup was compared with the HLA-matched group using a binary indicator variable in multiple logistic regression model with adjustment for patient risk factors. Because of multiple testing, indicator variables with a more stringent P-value of p0.005 were considered as statistically significant, indicating that the death rate by day 100 of the specific mismatched type by position subgroup is different from that of the matched group.
For the traditional multivariate logistic regression model, the potential differential effects of substitution type were ignored and the model tested the effect of any amino acid substitution within each position (mismatch vs match regardless of type). An initial screening was conducted by testing the effect of each amino acid substitution position separately at 5% significance level in a logistic regression model with adjustment for the significant patient risk factors (age, disease type, disease stage and donor-recipient gender match). Then, based on the amino acid substitution position variables that were significant in the initial screening, a final model was built using a forward stepwise regression procedure with a 5% significance level as the variable entry or deletion criterion. This final model allowed for an identification of interactive effect among multiple amino acid substitution positions but could not evaluate types of substitutions or their interactions because the model cannot accommodate the large number of indicator variables necessary to code all possible substitution types and their interactions among combinations of substitution positions.
Results
Patient characteristics
Patient characteristics are summarized in Table 1 for the HLA-mismatched and -matched groups, respectively. There were significant differences between the groups with respect to age, disease type, disease stage, conditioning regimen and GvHD prophylaxis at the 5% significance level. However, after Bonferroni adjustment for multiple comparisons to reduce the possibility of false positive results only age and disease stage remained significant at the 5% level. The day 100 survival was 79% for the HLAmatched group and 69% for the HLA-mismatched group, Po0.001. Table 2 .
Distribution of amino acid substitutions positions and types
Amino acid substitutions identified by the random forest analysis Four patient variables (age, disease stage, disease type and gender match) and 33 amino acid substitutions out of 127 amino acid substitutions were assigned an importance score of 2.9 or higher (in a scale of 0-100) by random forest analysis and identified as predictors of death at day 100 post transplant, Table 3 . A cutoff value of 2.9 for the importance score on a scale of 0-100 was established to include the most important overlapping amino acid Ferrara et al. 10 Burrows et al. 24 Keever et al. 8 Fleischhauer et al. 9 The positions with higher importance scores are more critically related to death by day 100 post-hematopoietic cell transplantation and should receive higher priority to be matched. Figure 1 . Table 3 shows a ranking of these amino acid substitutions by the strength of the importance score received on random forest analysis, and also summarizes previous reports in the literature.
Most frequent HLA class I mismatches accounting for amino acid substitutions exhibiting the highest importance scores
The most frequent HLA class I mismatches for each of the 33 amino acid substitutions identified by random forest with high importance scores and their frequencies are listed in Table 4 . Table 5 shows the most common HLA class I mismatches for each locus that correspond to the amino acid substitutions with high importance scores. The most common HLA mismatches in relation with these amino acids for each class I locus are HLA-A*02:01/02:05, HLA-B*35:01/35:03 and HLA-C*01:02/02:02, Table 5 . The percentages were calculated based on all mismatches at a particular locus as the denominator. Only HLA mismatches with a frequency of X10 were included. However, if no HLA mismatches with a frequency of X10 were available, the highest available frequency was included in the table.
Traditional univariate analysis of amino acid substitutions adjusting for clinical variables Table 6 lists all 13 amino acid substitution subgroups with greater than 10 patients and with significantly greater death 
Traditional multivariate analysis of amino acid substitution positions adjusting for clinical variables
We first tested if a single amino acid substitution position (regardless of substitution type) was associated with death by day 100 after adjustment for important patient risk factors. Using a 5% significance level, we identified the following substitution positions: HLA-A 9, 17; HLA-B 109 and 116; and HLA-C 6, 9, 11, 14, 16, 21, 24, 49, 77, 80, 97, 99, 114, 116, 156, 163. With a more stringent 0.5% significance level only the following 10 HLA-C positions: 9, 11, 21, 77, 80, 97, 99, 116, 156 and 163 were identified. Of these 10 HLA-C positions, 9 positions (except 163) were already identified by univariate analysis that tested the effect of substitution type at each substitution position, Table 6 . It can be seen that multivariate analysis identified four additional substitution positions at the 0.5% significance level. This indicates that in addition to identifying more informative substitution type effect, testing the differential effect of substitution type at each substitution position is also a more powerful approach to identify substitution positions. Holding patient risk factors in the model, we used a forward stepwise procedure with a 5% significance level for entry into and removal from the model to select the most important amino acid substitution positions from the initially identified positions. We found that HLA-A positions 17, 73, 166, HLA-B position 116 and HLA-C position 116 were the only amino acid substitution positions simultaneously associated with outcome, Table 7 . HLA-DQ and DP matching status was also analyzed. DQ matching status was not associated with survival rate at day 100 (P ¼ 0.33) but DP matching status was (P ¼ 0.005). These results indicate that there is no linkage effect of the class I mismatches with DQA1 or DQB1 disparities. There was no survival difference between patient-donor pairs that had one HLA class I Ag or allele mismatch (P ¼ 0.66).
Discussion
Several large studies using standard multivariable modeling have established the importance of molecular matching at HLA-A, B, C and DRB1 for the outcome of HCT. [1] [2] [3] [4] [5] It is estimated that on average, every additional mismatch is associated with a 10% decrement in survival after adult unrelated donor transplantation for good risk patients. 2 But it is equally clear that many patients, particularly minorities lack matched unrelated donors 20 and suitable mismatched donors need to be identified to offer transplants to these patients. The effect of HLA mismatching on GvHD, relapse, and TRM is mediated by amino acid substitutions, several of which can be found in most mismatched alleles. In this study, we have identified 33 amino acid substitutions' locations that are associated with survival at day 100 post transplant. Some of these locations, 97, 116 and 156, were present in all three HLA class I loci. Substitution locations 9, 77 and 95 were present on HLA-A-and HLA-C-mismatched Ags or alleles. Some locations were only identified on mismatched Ags or alleles of a single locus; HLA-A 43, 62, 63, 76, 114, 152, 166 and 167; HLA-B 109; and HLA-C, 6, 11, 14, 21, 66, 80, 99, 163 and 173. The majority of the important amino acid substitutions identified in this study as associated with survival to day 100 are located on the a-1 or the a-2 domains of the peptide-binding site, encoded by exons 2 and 3, respectively, and are predicted to directly affect T-cell allorecognition. [21] [22] [23] The identification of amino acid substitutions that are associated with a higher than average risk of failure in HCT, the so-called non-permissive amino acid substitutions, represents a first step toward the ultimate goal of identifying acceptable mismatches that could be used in the clinical setting for selection of suitable mismatched unrelated donors for patients lacking HLA-identical donors. However, additional studies using different data sets as well as functional studies are necessary to confirm these findings prior to clinical implementation of these results. Initial insights of the importance of specific amino acid substitutions were based on identification of individual patients and isolation of cytotoxic T-cell clones directed against HLA subtypes absent in the donor. 8, 9, 24 Ferrara et al. 10 using a large data set reported in 2001 that substitutions at position 116 of class I molecules increase risk for acute GvHD and TRM. However, they did not attempt to distinguish the effects of substitutions in HLA-A, HLA-B or HLA-C. 10 Recently, Kawase et al. 11 have reported non-permissive HLA mismatches associated with acute GvHD in HCT patients from the Japan Marrow Donor Program. In contrast to our study, the study population of Kawase et al. 11 comprised of recipients with heterogeneous diagnoses and disease stages, and donorrecipient pairs with mismatches at multiple HLA loci. They conducted a traditional multivariate analysis to evaluate the effect of HLA one-locus allele mismatch on acute GvHD while adjusting for clinical factors (disease, treatment and patient-related predictors) as well as mismatch status in other loci. 11 They found four non-permissive mismatches in HLA-A, one in HLA-B, seven in HLA-C, one in DRB1, one mismatch associated with DRB1-DQB1 and two in HLA-DPB1. 11 A similar model was used to analyze the effect of each amino acid substitution type on each position separately. However, they did not adjust for multiple amino acid substitutions that commonly occur within a single HLA mismatch. 11 They found two nonpermissive amino acid substitutions at HLA-A, positions 9 and 116, and six non-permissive amino acid substitutions at HLA-C positions 9, 77, 80, 99, 116 and 156. 11 More recently, the same group has published an analysis of HLA mismatches that predict for relapse and overlap minimally with the mismatches associated with acute GvHD. 25 Functional studies have also been reported, 12, 13 however, their results are in conflict with Ferrara et al. 10 and Kawase et al. 11 reports and only include a small number of cases.
Our analysis differed from Kawase et al. 11 in several ways. First, we used a different end point namely death by day 100 and restricted our analysis to patients with good or intermediate risk leukemia. By focusing the analysis to a more restricted and hence more homogeneous study population, we hypothesized that we would reduce variability due to disease variables and increase the power to detect variables that predict for GvHD. Second, we used a new statistical method, random forest analysis, which has not been previously applied in HCT but which has several advantages over more conventional analysis methods as demonstrated by our results. Using random forest analysis, we confirmed all non-permissive amino acid substitutions identified by Kawase et al. 11 as well as the few amino acid substitutions reported by other investigators. [8] [9] [10] 24 Although random forest analysis does not validate the interpretation of substitutions as permissive vs nonpermissive and does not provide a P-value, the fact that we were able to identify these previously reported nonpermissive amino acid substitutions by random forest and not by traditional multivariate analysis in our data set, supports the observation in other fields that random forest provides greater data analytic power. Furthermore, in addition to the 8 amino acid substitutions identified by Kawase et al., 11 we identified another 25 that had similar or higher importance scores in the random forest analysis. Future studies in different patient populations are required to confirm the importance of these amino acid substitutions in HCT. However, for the patient who needs a HCT today from an HLA-mismatched donor, the evolving literature suggests that using a donor who is mismatched with the recipient at positions 116 or 156 at either of the HLA class I loci, at position 9 at HLA-A or HLA-C, and at position 99 at HLA-C may increase the risk for early death and other adverse outcomes.
A number of limitations of this study should also be mentioned. Although there were some notable commonalities, the three separate analytic techniques we used using the same data set identified different sets of clinical variables and amino acid substitutions associated with survival at day 100, highlighting the need for independent validation in multiple data sets and using multiple approaches. Also, we chose survival at day 100 as our primary endpoint, as it is objective and likely most closely associated with acute GvHD. However, further studies should be conducted to investigate amino acid substitutions that have their maximal association with other outcomes and to determine permissive amino acid substitutions. Our analysis identified associations between amino acid substitutions and survival at day 100, but we cannot confirm the biological importance. Only well-designed functional studies will show if the specific amino acid substitutions identified affect T-cell allorecognition or function or if they are markers for other critical factors causing increased mortality. Other biological factors that affect HLA amino acid mismatches and T-cell allorecognition in HCT such as shape of the T-cell receptor repertoire have not been investigated in this study. Finally, although most of these amino acid locations have been identified in other studies, we acknowledge that some of these amino acid substitution locations may only be a marker of a specific allele mismatch instead of a truly important location that has an effect on survival.
In conclusion, using random forest to analyze the largest currently available data set of HCTs, we were able to confirm 13 previously identified class I amino acid substitutions as well as 20 additional novel class I amino acid substitutions that are predictors of survival at day 100. Random forest analysis presents a robust statistical methodology for the analysis of HLA mismatching and outcome studies, capable of identifying important amino acid substitutions missed by other methods. On the basis of these results, random forest analysis may prove an equally valuable tool to evaluate other transplant outcomes of interest.
